Nanocrystalline metals offer significant improvements in structural performance over conventional alloys.
Introduction
The interest in nanocrystalline metals stems largely from the Hall-Petch relationship, which correlates increases in yield strength to reductions in grain size. [1] [2] [3] [4] Because of this, nanocrystalline metals can exhibit a greater than tenfold increase in strength compared to their coarser-grained counterparts. 1, 4 While this increase in strength is potentially beneficial in engineering applications, there are several common limitations of nanocrystalline metals, namely that they are often thermally unstable, [5] [6] [7] [8] [9] have relatively low ductility, 1, 10, 11 and have commensurately low toughness at sufficiently small grain sizes. 11, 12 This potential lack of thermal stability, even at room temperature, 5, 6 can lead to a degradation of strength over time. To address these limitations, there are several methods to improve thermal and/or mechanical properties, including the use of grain boundary engineered nanocrystalline metals such as nanotwinned metals, [13] [14] [15] the use of a bimodal grain structures, [16] [17] [18] the incorporation of amorphous grain boundaries in the material, [19] [20] [21] orof specific interest to this study the use alloyed nanocrystalline metals that display solute segregation. [22] [23] [24] [25] Other studies have examined the role of alloy-ing on solute drag and Zener pinning, as well as grain boundary segregation, grain refinement, and thermodynamic stabilization. [26] [27] [28] In addition, solute segregation has been shown to potentially inhibit grain boundary sliding and grain rotation in nanocrystalline alloys. 29, 30 The focus of the present study is to investigate how boundary-segregating solute content influences the tensile failure mechanisms and corresponding mechanical properties. While there are several binary alloys that have demonstrated enhanced thermal properties, the present study examines Pt-Au, which has been recently shown to exhibit extreme resistance to sliding wear degradation for potential electrical contact applications. 31 The framework for thermodynamic stabilization in solutesegregated binary alloys, 26 as originally described by Weissmüller, 23 and more recently by Chookajorn et al., 22 is that the driving force for boundary motion can be reduced or eliminated with particular solute elements that prefer to segregate to the grain boundary and simultaneously lower the grain boundary free energy. 26 Conceptually, this mechanism could allow the material to retain its microstructure at elevated temperatures for an indefinite period of time, as opposed to kinetic stabilization which only slows down the grain growth process. 32 While indefinite ( perfect) stability has not yet been observed, substantial improvements in thermal stability have been observed in several alloys. An early example of this is Ni-W, 33 where the nanocrystalline alloy displayed negligible grain growth at temperatures up to ∼875 K (homologous tempera-ture of 0.45) for 24 hours due to the observed W segregation to boundaries that served to reduce the total boundary energy. As a potential means for perfect thermal stability, solute segregated alloys may be essential in the utilization of nanocrystalline metals as engineering materials, so it is critical to understand how this segregation influences the mechanical behavior.
There is a growing realization that the alloying pathways for thermal stabilization may in some cases lead to a deterioration of mechanical properties. Specifically, some recent simulations suggest that different grain boundary segregating elements in nanocrystalline Al can either strengthen or embrittle grain boundaries. 29, 30, 34, 35 The potential for grain boundary embrittlement has been explored in the context of thermodynamically stabilized binary alloys by Gibson and Schuh. 36 The Gibson model speculates that an alloying element will be embrittling when two conditions are met: first that the binary pair has a positive heat of mixing, and second that the alloying element has a lower surface energy than that of the base material, promoting the tendency for grain boundary segregation. Furthermore, elemental pairs that have either a higher heat of mixing or lower ratio of surface energies (solute to solvent) are expected to be more embrittling, although the implications of this are not explicitly defined. Gibson and Schuh suggest that this model can predict the behavior for both coarse-grained and nanocrystalline metals, although to the authors' knowledge the embrittling behavior of these binary systems has not yet been explicitly demonstrated for nanocrystalline alloys by experiment.
While grain boundary embrittlement has been observed in several fcc nanocrystalline metals, 37, 38 these studies do not focus on how the solute concentration influences the deformation; intergranular fracture is currently best understood in coarse-grained fcc materials. 39 Embrittlement has been demonstrated not only through the presence of pre-existing embrittling elements (such as sulfur embrittlement in steels or nickel alloys), 40, 41 but also by exposing the metals to a corrosive environment, such as aqueous solutions for austenitic steels or nickel alloys, where hydrogen embrittlement can lead to stress corrosion cracking. 42, 43 An important observation in some fcc systems exhibiting stress corrosion cracking is that they show some potential to resist brittle crack propagation through crack arrest at triple junctions. 42, 43 In this study, the tensile deformation behavior of nanocrystalline Pt-Au is investigated and compared to that of pure Pt. This system is studied primarily due to the noble nature of Pt and Au, 44 minimizing the overall impact of oxidation. To further improve the purity of the system, samples were synthesized by magnetron sputtering, avoiding the contamination often introduced through electrodeposition 38, 45 or ball milling 46 processes. This alloy has previously been shown to strongly segregate Au solute to the Pt grain boundaries, and improved thermal stability and wear resistance has been demonstrated. 31 The strength of the alloy comes from a combination of Hall-Petch strengthening as well as traditional and nanoscale solid solution strengthening. 47 In the context of the previous work by Gibson and Schuh, 36 Au is expected to embrittle Pt, consistent with the findings in this study. The present study focuses on identifying the dominant monotonic deformation mechanisms in these alloys and how they contribute to the materials' mechanical properties. Tensile behavior and a mechanistic connection between deformation processes and resulting mechanical properties was observed through molecular dynamics (MD) simulations and experimental in situ tensile deformation experiments in the scanning electron microscope (SEM). Most importantly, the study revealed that grain boundary embrittlement may under some conditions be useful to enable distributed nanocracking as a toughening mechanism. Both grain boundary triple junctions and heterogeneous chemical segregation can arrest nanocracks thereby offering multiple potential toughening mechanisms.
Methods and procedures

In situ experiments
Tensile tests were performed on freestanding nanocrystalline films with a thickness of approximately 5 µm, synthesized by DC magnetron sputtering. Pt and Pt-10Au (at%) films were deposited onto Si substrates with a wafer diameter of 75 mm; deposition temperatures were determined to be below 100°C (homologous temperature of 0.18 for the two alloys). The compositions of the as-sputtered films were determined using a JEOL model JXA-8530F Wavelength Dispersive Microscope operating at 7 kV on 1 µm thick witness films, where each film's composition was determined to be within 0.5 at% of the nominal compositions. In addition, the texture of each film was determined by precession electron diffraction where it was found that each film had a strong [1 1 1] texture in the growth direction. Microstructural characterization was performed by transmission electron microscopy (TEM) using an FEI Titan™ G2 80-200 STEM, operated at 200 kV. TEM samples were prepared by focused ion beam (FIB) liftout of site-specific electron-transparent foils. Scanning TEM (STEM) utilized a highangle annular dark-field (HAADF) detector to image the film structure in both cross-sectional and in-plane views. STEM energy-dispersive X-ray spectroscopy (STEM-EDS) mapping was performed on the Pt-Au sample to determine Au segregation behavior. Au atomic concentration was calculated using the Cliff-Lorimer method. 48 Tensile specimens with reduced sections of 0.5 by 2.4 mm were cut into the as-sputtered films with a femtosecond pulsed Ti:Sapphire laser. The adhesion between the substrate and samples was low enough that dogbones readily delaminated from the substrate upon removal. To create an area of stress and strain localization for in situ observation, a notch with a 10 µm diameter circular tip and 50 µm length was cut into the sample with an FEI Nova 600 Nanolab FIB at an accelerating voltage of 8 kV. A stress concentration factor of 8.6 was calculated for this geometry using SOLIDWORKS FEA with a localized mesh size of 0.05 µm at the notch.
In situ SEM tensile tests were performed with a custombuilt microtensile load frame, as illustrated in Fig. 1 . Actuation was provided by a Newport NPX400SG piezoelectric actuator and force was measured with a Honeywell Model 31 44.5N force transducer. Interrupted tensile tests were performed with far-field strain steps of 0.02% at strain rates of 10 −3 s −1 until final fracture, with each sample fracturing at the notch. At each step, 40 s SEM images were taken at an oblique viewing angle of 45°to the notch using a JEOL IT300HR SEM operated at 10 kV. Far-field engineering stress was determined using the force measurements and initial cross-sectional area of the gage section (as measured by SEM), and far-field engineering strains were measured by tracking particles on the sample surface with a gage length of 0.5 mm. Note that a separate set of tests was performed on additional samples with far-field strain rate steps of 0.1%, producing repeatable results to those presented in this manuscript.
Post-mortem SEM and TEM characterization was performed on the samples to identify any differences in morphological or microstructural deformation between Pt and Pt-10Au. Morphological analysis was performed by SEM utilizing a JEOL IT300HR SEM at an accelerating voltage of 10 kV; both the fracture surface and sample surface were analyzed to identify any features that formed during deformation or fracture. Additional microstructural characterization was performed at the sample notch features utilizing FIB liftout (FEI Nova 600 Nanolab at 8 kV) and TEM (FEI Tecnai F30 operated at 300 kV) to identify microstructural changes due to tensile deformation.
Molecular dynamics simulations
Two separate and independent Molecular Dynamics (MD) simulation approaches were employed to explore tensile behavior. Inspired by the blind independent comparative modeling employed in the Sandia Fracture Challenges, 49, 50 these two independent MD models provide a rare example of prediction differences arising from differing assumptions and boundary conditions, providing for a more robust interpretation and comparison to experimental observations. The two independent modeling subteams, both with extensive expertise in MD modeling, had the same goal of replicating the experimental behavior, and a secondary outcome of the present study was to illustrate the breadth of differences and important similarities arising from two arguably valid approaches. In one approach, hereafter considered the free surface model (FSM), the top and bottom surfaces of the generated samples were free surfaces. In the other system, hereafter the periodic boundary model (PBM), the top and bottom surfaces of the generated samples were periodic. Both simulations employ an embedded atom method (EAM) potential designed to treat Pt-Au alloys based on a fit to an extensive density functional theory (DFT) database, as described in detail in O'Brien, et al. 51, 52 Note that in both simulations, atom swaps were performed to allow for boundary segregation, however the microstructures were not demonstrated to be perfectly thermodynamically stable in either simulation. All MD simulations were performed using the LAMMPS code 53 and the Monte Carlo (MC) simulations were performed using a code developed by Foiles. 54, 55 Periodic boundary model MD simulation. The PBM simulation used periodic boundaries in all three directions, removing the potential for Au migration to free surfaces. This boundary condition may be more consistent with the micrometerscale experimental tensile specimens where free-surface segregation would not be expected to contribute significantly to the tensile properties. For this system, both Pt and Pt-10Au were generated and tested.
Periodic computational cells were generated in LAMMPS with an initial size of 32 × 27 × 18 nm 3 with a total of 957 754 atoms (see Fig. 2a ). The initial PBM microstructure was generated from a 6 × 6 × 1 array of superimposed cylinders filled with atoms from which overlapping atoms were removed. For both Pt and Pt-Au, this initial microstructure had a total of 36 grains. The resulting microstructure was annealed for 2 × 10 4 ps at 300 K with a Nose-Hoover thermostat using an NPT ensemble at zero pressure to preserve the overall microstructure while allowing equilibrium grain boundary structures to form. The Pt-10Au sample was generated by performing an MC atom swap procedure, where a swap was accepted with a probability proportional to the Boltzmann factor; note a similar procedure was utilized in the FSM simulation, as described in the following section. At each of the 3000 MC steps per atom, atom type swaps or displacements of two atoms of the same type were conducted with equal probability. Prior to tensile loading, both the Pt and Pt-10Au samples had a total of 33 grains, with equivalent circular diameters of 7.1 nm and 8.2 nm, respectively. The displacements ensured that the system maintained a temperature of 300 K.
The tensile behavior of the PBM models were examined at 300 K, applying a periodic boundary condition to the plane normal to the loading direction. The remaining surfaces normal to the y and z-directions were unconstrained. The simulation was conducted using a NPT ensemble with a Nose- Hoover thermostat. Strain was applied every 2 ps corresponding to a strain rate of 1 × 10 8 s −1 . The resultant stress in the x-direction was calculated by averaging for 1 ps after the incremental strain was applied. Free surface model MD simulation. The FSM simulation was used primarily to understand the influence of varying Au content on the tensile behavior of Pt and Pt-Au, exploring indepth how the deformation mechanisms lead to fracture. In addition to Pt and Pt-10Au, a Pt-5Au composition was utilized in these simulations to understand effects of varying Au content. Each system was generated with an initial size of ∼196 × 98 × 15 nm, consisting of a total of 16.77 × 10 6 atoms. To create the pure Pt film sample, a 2-dimensional Voronoi construction with 1200 initial grains was used to create a thin film which was periodic in the z-direction (see Fig. 2b for axis orientations). In each Voronoi cell, atoms were arranged in an FCC lattice with a [1 1 1] direction along the z-axis of the cell and with a random orientation perpendicular to the z-axis. Similar to the PBM simulations and experimental samples, this method ultimately results in a columnar-grained microstructure. The thickness along z was 1.36 nm, corresponding to 2 repeats of the FCC stacking unit. This system was annealed at 775 K (approximately 500°C) for 1 ns in an NPT ensemble, during which substantial grain growth occurred. This allowed for the elimination of the artificial grain shapes and triple junction angles that are present in a Voronoi construction. The resultant film had a total of 358 grains, corresponding to a 3.3× increase in average grain area during this initial equilibration process. The resulting grains had an average equivalent circular diameter of ∼8.2 nm, similar to the grain sizes in the PBM simulations. This sample was tiled ten times along the z-direction to create a film with free surfaces and the stack was further annealed for 0.1 nanoseconds to create the initial pure Pt film.
To create the Pt-5Au and Pt-10Au samples, an equilibrium MC simulation technique was employed. First, atoms were selected at random and converted from Pt to Au to obtain the desired Au concentration. For subsequent chemical migration, an MC procedure was employed that picked two atoms of opposite type and swapped their chemical identity. The energy for this swap was computed and the swap was accepted with a probability proportional to the Boltzmann factor of the energy change at a temperature of 775 K. Note that these swaps could occur between atoms located arbitrarily in the system. While this is not the physical process, it leads to a more efficient determination of the equilibrium configuration, but does not follow the kinetic path of a physical diffusion process. 50 million MC swaps were attempted followed by a short 1 picosecond MD equilibration timestep to allow for local structural relaxation. This cycle was repeated 250 times to produce the initial state for the deformation simulations. Note that the grain structures of the three samples were very similar, but not identical as the inclusion of the MD steps in the generation of Pt-5Au, and Pt-10Au led to modest grain evolution.
The initial computational cell for the three systems is shown in Fig. 2b , where it can be observed in the Pt-Au systems that Au migrated both towards boundaries and the free surfaces. The strong surface segregation of Au to a Pt free surface is well known experimentally. 56, 57 In order to analyze the Pt-Au region in each sample, only the middle 50% of the sample thickness (3.75 to 11.25 nm in the z-direction) is shown in the figure and analyzed for deformation; the initial microstructure for this regime is presented in Fig. 2c for all three compositions. Au migration to boundaries was heterogeneous for both Pt-5Au and Pt-10Au, where, by length, ∼50% of the boundaries were Au-rich in Pt-5Au and more than 90% of the boundaries were Au-rich in Pt-10Au. Note that after Au migration to the free surfaces in Pt-5Au and Pt-10Au, the remaining Au concentration in the analyzed, Pt-rich region of the two samples was 2.13 at% and 6.84 at%, respectively. Note that this does result in less boundary saturation in the Pt-10Au sample in the FSM model compared to the PBM simulation.
The deformation responses of the materials were examined by simulating a displacement-controlled tensile test with displacement along the x-axis of the sample. The periodic length along the long (x) direction was uniformly increased by 1% strain per nanosecond corresponding to a strain rate of 10 7 s −1 . The simulation employed a Nose-Hoover thermostat at 775 K. The box was adjusted to maintain zero virial stress in the y-direction; the surfaces in the z-direction were free to move. The overall and local stresses were evaluated based on the virial expression.
Results
In situ tensile tests
For both Pt and Pt-Au, the as-sputtered microstructures were observed to be columnar with an average grain width of approximately 50 nm ( Fig. 3a and b ). Note that samples did show some gradient in microstructure, with finer grains observed on the substrate side of the as-sputtered film. In addition, both Pt and Pt-10Au were observed to have some nanopores along grain boundaries (such as those in Fig. 3c ), however the pore distribution was found to be relatively consistent between the two materials. Consistent with both theory and the simulations, STEM-EDS revealed heterogeneous segregation of Au towards grain boundaries ( Fig. 3d and e ); the grain interiors were observed to contain ∼8 at% Au (higher than that of the evolved state in the simulations) while the concentrations at boundaries ranged from 8 at% to 30 at%, further emphasizing the heterogeneous Au concentration.
The far-field stress-strain curves from the in situ SEM tensile tests for Pt and Pt-10Au are shown in Fig. 4a . While the notch is expected to have some influence over the shape of the curves, these curves give some indication of the far-field plastic behavior in the material, allowing for a comparison to simulated results. Pt-10Au exhibited a 16% higher Young's modulus than Pt, with values of 145 and 125 GPa respectively. A difference in yield behavior was evident as well, identified by deviations from linear behavior. In Pt, there is a clear deviation from linear behavior at a stress of ∼1000 MPa, whereas the Pt-10Au curve begins to deviate at ∼1250 MPa. Due to the pres- ence of the notch, an accurate measure of the 0.2% offset yield strength is not possible, but these curves do reveal that measurable far-field plastic flow occurs in nanocrystalline Pt at a lower stress than in Pt-10Au. Note that a fracture toughness (K 1c ) cannot be directly determined from these experiments, due to the influence of the blunt notch and the lack of valid plane-strain conditions. 58, 59 References to toughness throughout this manuscript focus primarily on the potential for energy absorption in tension, 59 measured as area under the tensile stress-strain curves in the simulations, and the potential mechanisms to toughen the material are explored in both the simulations and experiments. SEM images of the deformation at the notch at various points during the test are shown for Pt-10Au in Fig. 4b-d and Pt in Fig. 4e -g; the complete evolution during the test can be seen in ESI Videos A and B. † Some clear differences in deformation were observed for the two materials. In Pt, as shown in Fig. 4e -g, shear bands emanating from the notch (such as those highlighted by the blue arrow in Fig. 4g ) were observed to form at ∼45°angles to the loading direction, starting at a far-field stress of ∼1000 MPa, corresponding to the deviation from macroscopic linearity in the stress-strain curves. Some crack-like mode-I surface flaws nucleated at roughness perturbations of the notch surface and were found to blunt plastically during subsequent loading. Near final fracture, these surface flaws triggered two catastrophic shear bands which coalesced into a mode-I crack. In Pt-10Au, small cracks on the order of tens of nanometers were observed to form at a far-field stress of 1000 MPa (highlighted in Fig. 4c ), prior to any macroscopic deviation from linearity in the stress-strain curve. Immediately prior to fracture, these cracks grew to a maximum length of ∼500 nm, and a network of smaller cracks (highlighted for example by the blue arrow in Fig. 4d ) were observed ahead of the notch with a similar orientation to the slip bands observed in Pt. The final fracture in Pt-10Au followed a similar mode-I crack path as in Pt.
Post-mortem morphological analysis of the samples, shown in Fig. 5 , highlights differences in deformation and fracture response between nanocrystalline Pt and Pt-10Au. Representative SEM images of the shear bands in Pt and cracking in Pt-10Au are shown in Fig. 5a and d . In Pt, none of the shear bands showed any indication of the distributed nanocracking that was observed in Pt-10Au ahead of the notch. Higher magnification images of the cracks in Pt-10Au reveals their morphology, with crack flank surfaces having columnar features with widths comparable to the as-sputtered grain size (∼50 nm). Fractography at the notches was performed at various angles, shown in Fig. 5b, c and e, f for Pt and Pt-10Au respectively. In Pt, the sample exhibited extensive localized necking, with a nearly complete reduction of cross-sectional area. The extensive necking is a signature of extensive ductility and in thin film samples is more relevant than the geometrysensitive macroscopic failure far-field strain. 60 In contrast, Pt-10Au displayed less localized necking with a ∼50% reduction in area, and the fracture surface was characterized by brittle-like columnar microstructural features (widths ranging from 100-200 nm).
Post-mortem TEM cross-sectional microstructural analysis at the fracture sites is shown in Fig. 6 , corresponding to the regions highlighted by white arrows in Fig. 5b and e. Brightfield TEM images of the entire fracture surface as well as local regions are shown to highlight notable features such as microstructural evolution and cracking. In Pt, the sample exhibited microstructural deformation consistent with localized plastic deformation. As shown in Fig. 6a-d , in Pt, the as-deformed grain morphology varied with distance from the fracture surface. Within ∼1 µm of the fracture surface (Fig. 6b) , the microstructure was observed to have transformed to a noncolumnar microstructure with maximum grain sizes of 200-300 nm, six times larger than the columnar width of the as-sputtered system; this region intersects with the entire fracture surface. Between ∼1 and 2 µm from the fracture surface ( Fig. 6c ), the grains were distorted and larger than the as-sputtered grains. Beyond 2 µm from the fracture surface, the sample had a columnar microstructure with an average grain width of ∼50 nm (Fig. 6d ), comparable to the as-sputtered sample. The nanocrystalline Pt sample therefore exhibited plastic behavior through microstructural deformation with a combination of both grain growth and microstructural transformation (from columnar to equiaxed grains), consistent with previous research. 61 In Pt-10Au, the sample exhibited a combination of plastic behavior through both microstructural evolution (albeit more localized and limited than in Pt) and brittle behavior through intergranular and transgranular cracking. Similar to Pt, there was a gradient in microstructure based on distance from the fracture surface, shown in Fig. 6e -h. Along the fracture surface of the material, multiple sample morphologies were observed. In the regime where columnar features were observed in fractography ( Fig. 6f ), samples primarily showed brittle fracture through either transgranular or intergranular fracture. In regimes associated with necking, samples showed some equiaxed nanocrystalline grains with grain sizes on the order of 50 nm, smaller and more localized than those observed in Pt. While columnar grains tended to maintain their columnar structure and width, the grain boundary morphology had tilted to align with the plastic flow direction up to 2 µm from the fracture surface. A combination of surface ( Fig. 6g ) and sub-surface ( Fig. 6f ) intergranular cracking was observed, where the cracks were observed to arrest with total crack depths of less than 100 nm. At distances further than 2 µm from the fracture surface (Fig. 6h) , the sample retained the assputtered grain structure.
MD simulations
Periodic boundary model simulations. The stress-strain curves for the PBM simulations of Pt and Pt-10Au are illustrated in Fig. 7a . For these simulations, sample failure was considered to occur at the point where crack coalescence occurs (for examples, see ESI Videos C-H †), leading to the steep drop in stress in the stress-strain curves. Differences in modulus, strength, and ductility can be seen between the alloys. Specifically, a higher modulus was observed for Pt-10Au (88 GPa) compared to Pt (70 GPa). The pure Pt sample showed well-defined yielding behavior and reached an ultimate tensile strength of 1.7 GPa. Less defined yielding behavior was observed in the Pt-10Au sample, and the ultimate tensile strength was found to be 2.2 GPa, 29% higher than pure Pt. Pt-10Au exhibited lower ductility than pure Pt, with a relatively low strain-to-failure at ∼4% compared to pure Pt which showed no indication of failure at the final simulated strain of 10%. The deformation behavior of Pt and Pt-10Au at a total strain of 7% are illustrated in Fig. 7b and c. While the strength values were different due to differences in the boundary conditions, the qualitative ductility changes and corresponding mechanisms were consistent with that observed in the FSM simulations (as discussed in the following section); Pt displayed ductile behavior, dominated by grain growth, while Pt-10Au displayed little plastic deformation, and the material deformed primarily through the formation of nanocrack networks with little grain growth. As illustrated in Fig. 7c and observed in ESI Video E, † Pt-10Au ultimately failed by the coalescence of intergranular cracks. The lack of grain growth (consistently observed in the experiments and simulations) in the Pt-10Au samples attests to the stability of the microstructure.
Free surface model simulations. The stress-strain curves in Fig. 8a show the applied strain and corresponding calculated stress (force over the initial cross-sectional area) for the FSM simulation, with qualitatively similar trends to those observed in the PBM simulations. In general, the FSM showed a tendency towards increased modulus for both Pt-Au samples compared to the pure Pt sample. Pt-5Au maintained linearity at the highest stress of the three materials, whereas deviation from linearity occurred at the lowest stress for pure Pt. Similar to the PBM simulations, sample failure is considered at the point where cracks begin to coalesce, correlated with a steep drop in stress in the stress-strain curve. A clear difference in strain-to-failure can be seen between the different samples; Pt-10Au failed the earliest at a total strain of approximately 4%, followed by Pt-5Au which failed at 12%, and the pure Pt sample which had not yet failed at a strain of 17%. This difference in ductility lends to a higher toughness (area under the stress-strain curve) for Pt-5Au compared to Pt-10Au.
The deformation behavior of Pt, Pt-5Au, and Pt-10Au in the FSM can be observed through both the phase maps and von Mises strain maps, illustrated at 5% strain for each sample in Fig. 8b and c. The evolution of each map throughout the entire test can be viewed in ESI Videos C-H. † Comparing the deformation-induced microstructural evolution of the three alloys reveals that there was a tendency for mechanically-induced grain growth in pure Pt which diminished with increasing Au concentration. This is illustrated in Fig. 8b , where at 5% strain, the average grain size decreased with increasing Au content. In the Pt sample at 5% strain, none of the original small grains remained and large grains were approximately 2-3 times their original size. For Pt-5Au, some grain growth was observed, albeit less than that of pure Pt (see Videos C and E in ESI †). The Pt-10Au sample showed almost no grain growth: the microstructure at 5% total strain was nearly identical to that of the unstrained sample. The mechanism for grain growth can be observed in the strain Fig. 8 Tensile properties from the FSM simulations. Stress-strain curves in (a) show the tensile response of the Pt, Pt-5Au, and Pt-10Au samples. Phase maps with green arrows showing locations of arrested nanocracks for Pt-5Au (b) and shear strain maps (c) are shown for a total strain of 5% for each of the samples. In the phase maps, the microstructure can be observed as non-FCC regimes represent boundaries, identified by either dark blue (boundaries lacking Au), light blue (twin boundaries lacking Au), or red (boundaries rich in Au). In addition to showing microstructural differences, we also show intergranular cracks in green. Grain growth was clearly observed in pure Pt, and intergranular cracking was only observed in the Pt-5Au and Pt-10Au samples. In (c), the accumulated shear strain in each system is shown. Solid cyan sections indicate regions of dislocation activity, distorted dark blue sections indicate regions of grain boundary migration, and red sections indicate high strains at boundaries due to either decohesion, separation, or shear. The evolution of the phase and shear strain maps for each system are available as Videos C-H in the ESI. † maps (Fig. 8c ) and deformation videos (ESI Videos C-F †), where grain boundary migration, specifically of boundaries with low Au concentration, led to the consumption of smaller grains (and subsequent absorption into larger grains).
Increasing Au concentration was also correlated with decreasing dislocation activity, as can be observed in the strain maps (Fig. 8c) . In all three materials, dislocations typically nucleated from one boundary at an angle allowing for a favorable shear stress for dislocation motion, and either stopped at or absorbed into the opposing boundary. In Pt, the dislocation activity was the highest of the three materials. With the addition of 5 at% Au, the dislocation activity was only slightly reduced, although boundary migration was markedly suppressed. Further increasing solute concentration to 10 at% Au, there was a significant decrease in dislocation activity compared to either Pt or Pt-5Au, and the sample fractured prior to any significant dislocation activity.
Mechanistically, the increasing Au concentration resulted in a higher tendency for intergranular cracking. In Pt, no stable nanocracking was observed up to strains of 17%. Intergranular cracks were observed to form in Pt-5Au at Aurich boundaries at strains as low as 2% (see ESI Video E †). These cracks were observed to arrest, however, and failure through crack coalescence did not occur until a strain of 12%. A network of intergranular cracks in Pt-10Au formed at a similarly low strain of approximately 2% (see ESI Video G †). In Pt-10Au, however, cracks were observed to coalesce with failure at a strain of 4%. Note that in both of the Pt-Au samples, intergranular cracking caused stress to shed that produced apparent work softening; the rate of decrease was more gradual in the Pt-5Au compared to Pt-10Au.
Discussion
Mechanical properties
Since the primary goal of this manuscript is to understand how the alloy content in nanocrystalline Pt-Au influences the mechanical behavior, we primarily focus on the change in material properties with the added solute element when comparing the experiments and simulations. The quantitative discrepancies between the simulations and experiments can be attributed primarily to a difference in both time and length scales. The highest strengths were observed in the PBM simulations, where stresses above 2 GPa were observed for Pt-10Au. Both the experiments and FSM simulations show lower strengths, with maximum values approximately half of the PBM simulations. While the grain size and time scales in the FSM model were approximately the same as the PBM model, the relatively lower strengths of the former can be attributed to the higher deformation temperature (775 K) and Au migration to the free surfaces; since Au migration to boundaries is minimal in the sputtered films, the experimental results can be compared more directly to the PBM simulations. Both simulations tend to show lower moduli compared to the experiments, with the simulated moduli approximately half that of the experimental values, and even lower compared to expected literature modulus values for coarse-grained Pt-Au. These differences in modulus are thought to be largely attributable to the excess compliance of grain boundaries: the ratio of grain boundary area to sample volume is ∼1 μm −1 for a microcrystalline metal, ∼400 μm −1 for the columnar experimental samples, and >10 6 μm −1 for equiaxed 5 nm grains, similar to those studied in simulations.
The experiments and both simulations reveal a tendency for modulus increasing with Au concentration. The increase in modulus observed in both the experiments and FSM model were 16% and 33% respectively. While this increase is qualitatively consistent with both simulation methods, it is notably opposite to the expected trend based on rule of mixtures, where 10% Au would be expected to result in a 9% decrease in modulus, highlighting the important effect of grain boundary bonding in the elastic behavior of nanocrystalline metals. It should be noted here that the elastic modulus will affect the overall toughness of the material, in the sense that the resilience (recoverable contribution to toughness in elastic regime) depends on a combination of both modulus and strength; 62 in the case where yield strength remains unchanged and modulus increases, the resilience decreases, which contributes negatively to toughness.
Differences in initial yield behavior were seen in the experimental and simulated results. In both the PBM simulations and in situ experiments, an increase in resistance to yield is observed for Pt-10Au compared to pure Pt. This is not observed in the FSM simulations, however, which highlights how critical it is to consider how simulation parameters can influence perceived material properties. In this case, for example, an important consideration is that much of the Au migrated to the free surfaces in the FSM simulation. In addition to reducing the amount of Au within the Pt-rich region in the material, this creates layers of Au which contribute to the overall strength of the material, and if the strengths of these regions are lower than the nanocrystalline Pt-Au, it would be expected to lower the overall strength of the material. This may explain why the PBM simulations accurately reflect the yield strength trends observed in experiments while the FSM models do not.
The strengthening behavior in Pt-10Au (in the PBM models and in situ experiments) can be attributed to a combination of solid solution strengthening (both traditional and nanocrystalline) and grain boundary stabilization. Traditional solid solution strengthening occurs primarily when the solute atom radius is different than the solvent, leading to lattice distortions that impede dislocation motion. 62 The atomic radius of Au (166 pm) is smaller than that of Pt (175 pm) by ∼5%, which may contribute to increases in strength in Pt-10Au less than ten MPa based on similar systems; 63 systems with larger differences in atomic radii would lead to higher amounts of solid solution strengthening. Nanocrystalline solid solution strengthening occurs due to changes in the shear modulus and Burgers vector due to the presence of a solute, that can influence the flow stresses for boundary mediated plasticity at the nanoscale. 47 The amount of strengthening due to this effect is increased at smaller grain sizes, and, based on the observed changes in elastic modulus, may be expected to contribute to additional increases in strength on the order of tens of MPa for the experimental grain size and tens to hundreds of MPa for the simulation grain size. Some evidence for strengthening through grain boundary stabilization can be seen in the FSM simulations. This strengthening mechanism has been discussed previously by Rupert et al. in nanocrystalline Ni-W, 64 where it was postulated that some of the strengthening observed in this system was due to the high W presence at grain boundaries leading to mechanical stability of the boundaries. Previous studies suggest that this strengthening may be due to the inhibition of grain boundary sliding or grain rotation due to the solute presence at grain boundaries. 29 In the present study, the FSM simulation showed that Au segregation contributed to a suppression of grain boundary mediated grain growth, qualitatively consistent with the experimental observations. While Au additions in the present study provided stability against both thermal 31 and mechanical grain boundary migration, this does not necessarily imply that the mechanism for growth is the same, nor that there is a causal relationship between thermal and mechanical stabilization.
In simulations and experiments, Au additions led to reduced ductility. Both FSM and PBM simulations indicated that pure Pt can withstand relatively high plastic strains (greater than 15% in the FSM simulation), by deforming primarily through grain boundary migration mediated grain growth. This is supported by the experiments, where Pt showed more extensive plasticity (necking) compared to Pt-Au, with grain growth as one of the observed deformation mechanisms. In Pt-10Au simulations, little plasticity was observed prior to fracture, and failure occurred at 4% strain. Again, this is supported by the experiments, where a tendency for brittle fracture was observed in the Pt-Au sample. As demonstrated in the FSM simulations, however, with smaller quantities of Au (Pt-5Au, specifically) the system was capable of withstanding considerable plastic deformation, reaching a strain of 12% prior to failure. The potential for intermediate Au concentrations to achieve some ductility enhancement can be explained by a competition of deformation mechanisms, specifically between grain boundary embrittlement and nanocrack toughening; the following sections discuss these in detail. Based on these competing mechanisms, a framework is presented by which nanocrystalline alloys show the potential to maintain or even improve in toughness despite the presence of an embrittling element.
Competing mechanisms: grain boundary embrittlement and crack arrest
Grain boundary embrittlement. The simulations and experimental observations were consistent with the Gibson-Schuh model for binary grain boundary embrittlement in nanocrystalline metals. Pt-Au is expected to be an embrittled system as it has a positive heat of mixing (2.27, as normalized by the gas constant/melting temperature product) and a ratio of surface energies less than one (0.59). 36 Since these are both near threshold values, Au is not expected to strongly embrittle Pt; this is supported by this manuscript, since despite its embrittled nature, the Pt-Au systems did show some plasticity, with mechanisms including dislocation motion, grain boundary migration, localized microstructural transformation and distributed nanocracking.
In the in situ experiments and simulations for Pt-10Au, nearly all boundaries were Au-rich and intergranular crack formation only occurred at these boundaries. The observed nanocracking mechanism was consistent between FSM and PBM models despite differences in free surface effects, temperature, and strain-rate. Strong evidence that the Au segregation led to embrittlement can be found by investigating the FSM simulations in the Pt-5Au sample, where only the boundaries that contain a relatively high Au content show intergranular crack formation. Consistent with the previous work by Gibson and Schuh, 36 this suggests weaker bonding along boundaries that are rich in Au compared to the internal grain regimes. Note that, as an extension of this concept, the lack of cracking at boundaries starved in Au suggests that these boundaries also have stronger bonding than those rich in Au. This is further highlighted by the pure Pt samples, which showed relatively high potential for plastic deformation (through primarily grain growth and dislocation motion) when compared to the Pt-Au samples. While intergranular cracking was observed in all Pt-Au simulations and experiments, embrittlement did not lead to immediate failure for any of the materials, but rather crack arrest was observed as discussed in the following section.
Crack arrest mechanisms. In experiments and simulations, the Pt-Au samples exhibited plastic accommodation through the formation of a nanocrack network. A similar mechanism, microcrack toughening, is often observed in semi-brittle or brittle materials, 65, 66 where a network of cracks forms in a material without immediate catastrophic failure. The cracks serve to accommodate some of the tensile strain, while simultaneously relieving stress on neighboring cracks, resulting in energy dissipation. To understand how nanocrack network formation influences the mechanical deformation and properties, it is necessary to understand how such distributed cracks can arrest, thus preventing fully brittle fracture.
One potential mechanism, triple junction crack arrest (illustrated schematically in Fig. 9 ), occurs when a crack along one grain boundary intersects a triple junction and certain criteria are met: the grain boundary containing the crack must be Au-rich and have a normal which is nearly parallel to the loading direction; in this case there is maximum de-cohesive force on the boundary and weaker bonding at the boundary, leading to the brittle fracture mode discussed in the previous section. Once this crack intersects with a triple junction, the crack can arrest, due the reduced driving force for both intergranular propagation on the Au-rich inclined boundary or the increased resistance for transgranular propagation through the tougher Pt grain. This mechanism, observed to occur in both Pt-5Au and Pt-10Au in the FSM simulations, is similar to crack arrest at triple junctions observed in traditional steels and nickels, 42, 43 although in nanocrystalline metals there are many more sites for this arrest process, leading to finer scale nanocracks.
A previously unobserved crack arrest mechanism, compositional crack arrest, occurs when a boundary high in Au concentration intersects with a boundary which is either low or lacking in Au concentration; this is also shown schematically in Fig. 9 . As with triple junction crack arrest, the grain boundary containing the initial crack must be Au rich and have a normal that is nearly parallel to the loading direction to promote crack formation. The crack then arrests at the boundary with low or no Au concentration, as this boundary has higher cohesion. Because this mechanism relies on a gradient in material composition along the grain boundaries, it requires heterogeneous segregation of the solute to boundaries, as was observed for all Pt-Au systems in this study. Since this mechanism relies on boundaries to be partially saturated in Au, it is necessary to consider whether such a system can physically exist. The possibility of such transformations at grain boundaries are a wetting phenomenon 67, 68 as discussed by Wynblatt and Chatain 69 in analogy with surface miscibility gaps. 70 The segregation behavior in nanoscale Pt-Au alloys has been examined in detail by both simulation and experimental observation by O'Brien, et al. 52 where the presence of qualitatively similar segregation behavior is observed. In this study, while compositional crack arrest was observed to occur at several boundaries in Pt-10Au in the FSM model, it was most dominant in the Pt-5Au sample due to a higher density of Austarved boundaries.
Competing mechanisms and fracture. This study suggests that maximal toughening in Pt-Au may be achieved by balancing Au-rich boundaries for crack nucleation with Au-depleted boundaries to enable crack arrest. In the FSM simulation of Pt-10Au, competing microcracks began to form and coalesce as the material was deformed, with the microcracks arresting primarily at triple junctions. Once enough cracks had coalesced, a primary crack propagated across the material, leading to catastrophic fracture. In the Pt-5Au system, a similar network of nanocracks formed along boundaries with high Au content, but the crack arrested through a combination of triple junction and compositional crack arrest. In this sample, the cracks that arrested by compositional crack arrest showed some blunting at crack tips and could withstand larger strains as the crack opened but before crack coalescence and fracture. This contrasts with cracks that arrested by triple junction crack arrest, and suggests that compositional crack arrest is a more effective toughening mechanism. In addition to enabling compositional crack arrest, intermediate Au concentrations can also enable more mechanical grain boundary migration and dislocation activity.
This study demonstrates that toughness of this material can be tuned, or potentially optimized, by changing the Au content. The total toughness can be attributed to the combined impact of embrittlement (that decreases toughness), energy dissipation through nanocrack network formation, and strengthening through solid solution strengthening and grain boundary stabilization (that can increase toughness) as well as modulus changes (which can either positively or negatively influence resilience and therefore toughness). The qualitative influence of these parameters on the toughness at varying alloy content for any binary system with an embrittling solute are represented schematically in Fig. 10 . In the case where the loss in toughness from embrittlement is small compared to the gains from strengthening and nanocrack toughening, the material can potentially show an increase in total toughness with small quantities of the embrittling element (Case 1 in Fig. 10 ). Since compositional crack arrest was demonstrated to be more effective than triple junction crack arrest, it is expected that a maximum in toughness would occur in a regime where compositional crack arrest is dominant. In the case where the material quickly embrittles from increased Fig. 10 Schematic showing the potential influence of embrittling solute concentration on toughness in binary nanocrystalline alloys. The solid black lines show two cases for the influence of solute content on overall toughness while the dashed lines show how different phenomena can contribute to toughness. In the theoretical case, where nanocrack toughening and toughening due to strengthening overcome the initial loss in toughness from embrittlement, it is possible to increase the material's strength despite the presence of an embrittling element, largely because of the potential toughening from compositional crack arrest. solute content, however, the material could retain some initial toughness from compositional crack arrest, but would not be expected to show an increase in toughness compared to the pure metal (Case 2 in Fig. 10 ). Different binary alloys are expected to show different behavior, displaying either Case 1 or Case 2 toughening behavior depending on the relative effects of the solute.
Conclusion
As nanocrystalline metals are modified chemically to achieve enhanced thermal stability, it is necessary to also understand the synergistic or degrading effects of solute on mechanical performance. As demonstrated in the present study, Au is confirmed to act as an embrittling solute in Pt-Au, where it migrates to grain boundaries and promotes intergranular decohesion and fracture. Despite this, the material shows some potential for toughening through the formation of nanocrack networks in addition to dislocation and boundary migration mechanisms. The effects that these crack networks have on the fracture behavior depends on the Au content, which affects the competition between crack formation and crack arrest mechanisms.
In the case where nearly all boundaries are saturated in Au, at a bulk concentration of ∼10 at% Au, the deformation is controlled primarily by a competition between grain boundary decohesion from Au embrittlement at boundaries and crack arrest at triple junctions. Simulations suggest the possibility that when the overall Au content is decreased and some boundaries have relatively low Au content, compositional crack arrest could become a potential toughening mechanism, where the cracks arrest and blunt at boundaries lacking in the embrittling element. These observations motivate the possibility for future studies to optimize solute content for both thermal stability and mechanical performance.
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